Introduction
============

Both exocytic release of neurotransmitters from small clear vesicles and secretion of peptide hormones and neuropeptides from dense core granules are Ca^2+^-dependent processes that are subject to potentiation and inhibition from various cellular signaling pathways. Modulation of rapid neurotransmitter release from vesicles in neurons is transduced by increasing residual calcium within the terminal; the excess Ca^2+^ facilitates vesicle fusion with the plasma membrane (for review see [Zucker 1999](#Zucker1999){ref-type="bib"}). In the case of slower secretion from dense core granules, the size and rate of refilling of functionally releasable pools of granules is a target of second messenger modulation, which can alter the time course and the amount of exocytosis ([Gillis et al. 1996](#Gillisetal1996){ref-type="bib"}; [Smith et al. 1998](#Smithetal1998){ref-type="bib"}).

Biochemical assays of catecholamine release from permeabilized chromaffin cells indicate that Ca^2+^-dependent secretion can be enhanced by protein kinase C (PKC; [Pocotte et al. 1985](#Pocotteetal1985){ref-type="bib"}). These findings were expanded by patch-clamp capacitance recordings that provide high resolution measurements of exocytosis and reveal the existence of different functional pools of granules ([Neher 1998](#Neher1998){ref-type="bib"}). Studies with chromaffin cells indicated that both the size of the readily releasable pool ([von Ruden and Neher 1993](#vonRudenandNeher1993){ref-type="bib"}; [Gillis et al. 1996](#Gillisetal1996){ref-type="bib"}) and the rate of refilling of this pool ([Smith et al. 1998](#Smithetal1998){ref-type="bib"}) are subject to modulation by residual internal Ca^2+^ and by PKC. Refilling the releasable pool in pancreatic β-cells is enhanced by protein kinase A, Ca^2+^, and GTP ([Ammala et al. 1993](#Ammalaetal1993){ref-type="bib"}; [Proks et al. 1996](#Proksetal1996){ref-type="bib"}; [Renstrom et al. 1997](#Renstrometal1997){ref-type="bib"}). Capacitance recordings also indicate that the size of exocytic events in melanotrophs is increased by cAMP ([Sikdar et al. 1998](#Sikdaretal1998){ref-type="bib"}) and that the amplitude of the exocytic response in lactotrophs is increased by cAMP during Ca^2+^-dialysis ([Sikdar et al. 1990](#Sikdaretal1990){ref-type="bib"}).

Prolactin (PRL) secretion from pituitary lactotrophs is a Ca^2+^-dependent process that is subject to regulation from inhibitory and stimulatory signaling pathways arising from both hormonal and neuronal inputs (for review see [Lamberts and Macleod 1990](#LambertsandMacleod1990){ref-type="bib"}). Dopaminergic input from the hypothalamus plays a major inhibitory role in PRL secretion. Dopamine has a number of effects on isolated lactotrophs including the following: G~i~-mediated reduction in cAMP ([DeCamilli et al. 1979](#DeCamillietal1979){ref-type="bib"}); inhibition of phospholipase C ([Journot et al. 1987](#Journotetal1987){ref-type="bib"}); activation of K^+^ channels ([Einhorn et al. 1991](#Einhornetal1991){ref-type="bib"}); assembly and disassembly of the cortical actin network ([Carbajal and Vitale 1997](#CarbajalandVitale1997){ref-type="bib"}); and release of the dense cores of secretory granules ([Angleson et al. 1999](#Anglesonetal1999){ref-type="bib"}). Hormones and signaling pathways that have a stimulatory effect on PRL secretion include TRH, which activates PLC ([Martin 1983](#Martin1983){ref-type="bib"}); VIP, which activates adenylate cyclase ([Lamberts and Macleod 1990](#LambertsandMacleod1990){ref-type="bib"}); and the PRL-releasing peptide, which elevates arachidonic acid ([Hinuma et al. 1998](#Hinumaetal1998){ref-type="bib"}).

While numerous studies have begun to elucidate the complex signaling pathways initiated by the neurotransmitters and hormones that modulate prolactin secretion, little is known about how these pathways ultimately affect the exocytic release of PRL. In the present study, we combined electron microscopy with an optical assay that permits detection of exocytic events in lactotrophs isolated from the rat anterior pituitary ([Angleson et al. 1999](#Anglesonetal1999){ref-type="bib"}). We found that various stimuli including thyrotropin releasing hormone (TRH) and vasoactive intestinal polypeptide (VIP) result in abundant compound exocytosis. Compound exocytosis occurs when multiple secretory granules fuse together via homotypic fusion and release their contents into the extracellular space through a single plasma membrane fusion pore. Pharmacological manipulations revealed that the relative amount and magnitude of compound exocytosis as well as the number of plasma membrane fusion sites are regulated independently. These regulations represent a point at which exocytic secretion can be potentiated by different second messenger pathways.

Materials and Methods
=====================

Cell Preparation
----------------

Anterior pituitary cells were obtained from male Sprague-Dawley rats (250--350 g) by enzymatic dispersion. Cells from the lactotroph-enriched band ([Angleson et al. 1999](#Anglesonetal1999){ref-type="bib"}) were cultured for 2--4 d and transferred to polylysine-coated coverslips 10 min before experiments. About half of the cells in the lactotroph-enriched band displayed exocytic spots in FM1-43 when stimulated with high \[K^+^\]~0~. This fraction agreed with that of permeabilized cells staining positive with anti-PRL antibodies ([Angleson et al. 1999](#Anglesonetal1999){ref-type="bib"}). External solution contained 140 mM NaCl, 5 mM KCl, 1 mM MgCl~2~, 8 mM CaCl~2~, 10 mM [d]{.smallcaps}-glucose, and 10 mM Hepes, pH 7.2. High \[K^+^\]~0~ solution contained either 100 mM KCl and 45 mM NaCl, 50 mM KCl and 90 mM NaCl, or 25 mM KCl and 120 mM NaCl. Drug treatments were as follows: PMA (400 nM for 10 min before stimulation and during KCl stimulation); forskolin (10 μM for 10 min before stimulation and during KCl stimulation); forskolin was always applied with 3-isobutyl-1-methylxanthine (IBMX; 1 mM for 10 min before stimulation and during KCl stimulation); ionomycin (2 μM as stimulation); TRH (200 nM as stimulation); and VIP (500 nM as stimulation). Compounds were purchased from RBI. Experiments were done at 22°C.

Electron Microscopy
-------------------

Cells were cultured in Permanox culture chambers (Nunc) for 2 d. The medium was exchanged with high \[K^+^\]~0~ for 2 min before a wash with 100 mM of ice-cold phosphate buffer. The first fixation comprised incubating the tissue in 2% paraformaldehyde/2% glutaraldehyde in 100 mM phosphate buffer for 1 h at 4°C. The tissue was washed and a second fixation was performed in 1% osmium in 100 mM phosphate buffer at 4°C for 1 h before being processed for electron microscopy ([Henkel et al. 1996](#Henkeletal1996){ref-type="bib"}). The prevalent exocytic structures observed in stimulated lactotrophs are unlikely to be fixation artifacts, as identical treatment of bovine chromaffin cells or rat somatotrophs did not produce such structures (data not shown). For ruthenium red experiments, 1 mM cacodylate buffer was used instead of phosphate buffer and 1% ruthenium red was added to both fixation solutions.

Imaging
-------

Fluorescence imaging experiments were performed with a system comprising an Olympus IX70 inverted microscope, a Photometrics Quantex camera with a Kodak KAF1400 chip (6.7 × 6.7--μm physical pixels, giving 67 nm per image pixel with a 100× oil immersion objective \[1.4 NA\]) and a Silicon Graphics O2 computer with DeltaVision deconvolution software (Applied Precision). Fluorescence images of FM1-43--stained cells were obtained with 490/20-nm excitation and 617/73-nm emission filters. Exposures lasted 0.4 s with 10% transmittance neutral density filters. Images were acquired at ∼1 Hz. The chamber was perfused constantly by gravity feed; solution changes required ∼10 s. Quantitative analyses were performed on raw images; deconvolution was used only to enhance images for presentation. Fluorescent images were analyzed using NIH Image and Igor Pro (WaveMetrics) on a Macintosh G3 computer. Fluorescence of individual spots was measured as the mean pixel value inside a circle centered around the spot (circle diam = 7 pixels ∼470 nm). This analysis may underestimate the size of the largest exocytic structures. Values were normalized to the mean surface membrane fluorescence inside the circle at the same location on the cell membrane before stimulation. A brightness of zero means the spot was the same brightness as the plasma membrane, and 1.0 means it was twice as bright. To measure the brightness of only compound spots in a given condition, the brightness of all spots whose amplitude was 1.0 times brighter than the membrane was averaged. The value 1.0 was chosen based on the width of the first peak in a histogram of spot amplitudes fitted with a Poisson distribution (see [Fig. 2](#F2){ref-type="fig"} d; [Angleson et al. 1999](#Anglesonetal1999){ref-type="bib"}). However, the same significance levels were achieved if 0.8 or 1.2 was used as the cutoff value. Significance levels for the different stimulations indicated in the text and in [Table](#T1){ref-type="table"} were compared with 100 mM KCl stimulation. Data were acquired from images of the cell equator. All data are reported as mean ± SEM.

The curves in [Fig. 4](#F4){ref-type="fig"} b were drawn as follows. The occupancy of surface membrane exocytic sites proceeds from empty to single to multiple as granules fuse. This is analogous to a consecutive chemical reaction of the form A → B → C. Assuming equal rate constants, the fractions of empty and singly occupied surface membrane fusion sites are given by *e* ^g/n^ and **g** **n** **e** ^−**g**n**^, respectively, where *g* is the number of exocytosed granules (see [Fig. 4](#F4){ref-type="fig"} b, x-axis), and *n* is the number of surface membrane fusion sites (assumed to be 11). The fraction of membrane sites with multiple (compound) events is simply 1−**e** ^**g**n**^−**g** **n** **e** ^−**g**n**^. The dotted lines in [Fig. 4](#F4){ref-type="fig"} b were drawn according to an iterative model in which probabilities of fusion to surface membrane and to already fused granules could be adjusted independently. To fit the observed data, the probability of a site progressing from single to multiple was slightly enhanced at early times, and significantly reduced at later times. This was accomplished by raising the granule-to-granule fusion probability to the power to 0.3 + 0.07g.

Results
=======

Compound Exocytosis Occurs in Lactotrophs
-----------------------------------------

Previous studies ([Fujita et al. 1983](#Fujitaetal1983){ref-type="bib"}; [Angleson et al. 1999](#Anglesonetal1999){ref-type="bib"}) have shown ultrastructural evidence that compound exocytosis occurs in stimulated pituitary cells. Electron micrographs show multiple granules connected by a single membrane that is continuous with the plasma membrane ([Fig. 1](#F1){ref-type="fig"} a). We frequently observed compound exocytic structures with up to four or five granule cores clearly contained within a single membrane that was connected to the plasma membrane ([Fig. 1](#F1){ref-type="fig"} a, left and middle). Yet, we also observed structures that contained multiple granule cores with no clear evidence of a connection to the plasma membrane in single sections ([Fig. 1](#F1){ref-type="fig"} a, lower right). This latter structure could reflect either intracellular fusion between granules without fusion with the plasma membrane, or it could reflect an exocytic structure where the connection to the plasma membrane is out of the plane of the 80-nm section. To determine whether granules in electron micrographs were contiguous with the extracellular space, the dye ruthenium red was applied during fixation. This dye becomes fixed to the extracellular surface of the cell and is electron dense so that any portion of the cellular membrane that is exposed to the extracellular surface during fixation contains an electron-dense coating visible in electron micrographs ([Jollie and Triche 1971](#JollieandTriche1971){ref-type="bib"}; [Henley et al. 1998](#Henleyetal1998){ref-type="bib"}). Many granules that were located away from the surface membrane were stained with ruthenium red ([Fig. 1](#F1){ref-type="fig"} B, arrowheads), indicating that they were contiguous with the extracellular surface at fixation. Presumably the connection to the surface was via chains of connected granules that had fused together. Other groups have observed structures in pituitary cells that contain \>10 granules surrounded by a continuous membrane connected to the surface ([Fujita et al. 1983](#Fujitaetal1983){ref-type="bib"}).

Compound Exocytosis Can Be Studied in Living Cells Using a Fluorescence Assay
-----------------------------------------------------------------------------

Previously, we ([Angleson et al. 1999](#Anglesonetal1999){ref-type="bib"}) established that the contents of lactotroph secretory granules stain with the fluorescent dye FM1-43. During bath stimulation with high K^+^ in the presence of FM1-43, granules fuse with the plasma membrane and release prolactin (PRL); however, some PRL, as well as FM1-43, are retained in the dense cores that are exposed to the extracellular space allowing visualization of individual exocytic sites as bright fluorescent spots. The spots appear quickly, and sometimes show abrupt doublings or triplings in brightness during the time course of recording ([Fig. 2b](#F2){ref-type="fig"} and [Fig. c](#F2){ref-type="fig"}, closed circles). Histograms were generated from the final brightness of these spots that showed clear evenly spaced peaks, indicating that brightness varies in a quantal nature ([Fig. 2](#F2){ref-type="fig"} d is reproduced from Figure 2 b in [Angleson et al. 1999](#Anglesonetal1999){ref-type="bib"}). Considering this fluorescence data, together with ultrastructural evidence of compound exocytosis in these cells, we conclude that the brightness of a given fluorescent spot correlates with the number of granule cores undergoing exocytosis at that plasma membrane fusion site. By using this FM1-43 fluorescence assay, we can study compound exocytosis in living cells.

Compound Exocytosis Occurs in Response to Physiological Stimuli
---------------------------------------------------------------

Using the fluorescence assay described above to study compound exocytosis in lactotrophs, we found that lactotrophs undergo compound exocytosis in response to depolarization and in response to the physiological stimulators TRH and VIP. For the following experiments, we stimulated lactotrophs in the presence of FM1-43 and measured all of the following: the number of fluorescent spots per cellular equator, which corresponds to the number of plasma membrane fusion sites; the brightness of each spot, which corresponds to the number of granules undergoing exocytosis at that site; and the percentage of spots whose brightness exceeded that of a single granule (estimated from the Poisson fit in [Fig. 2](#F2){ref-type="fig"} d; see Materials and Methods). Bath stimulation with high K^+^ (100 mM) in the presence of FM1-43 evoked exocytosis from 10.7 ± 1.8 sites per cellular equator. Approximately 66.9 ± 10.7% of those events were compound, and the compound spots had a brightness that was 5.5 ± 0.7 times brighter than the membrane ([Table](#T1){ref-type="table"}). Stimulating lactotrophs with physiological concentrations of TRH (200 nM) or VIP (500 nM) evoked compound exocytic events in the same manner as depolarizing the cells with KCl ([Fig. 3](#F3){ref-type="fig"} and [Table](#T1){ref-type="table"}). The number of exocytic fusion sites evoked by either TRH or VIP was not significantly different from the number evoked by 100 mM KCl. TRH stimulation produced 13.0 ± 4.0 spots/equator (*P* = 0.55; [Fig. 3](#F3){ref-type="fig"} a) and VIP stimulation produced 6.2 ± 1.2 spots/equator (*P* = 0.05; [Fig. 3](#F3){ref-type="fig"} b). Neither the percentage of compound events evoked by TRH nor VIP was significantly different from that evoked by KCl. 52.1 ± 16.7% of the exocytic events evoked by bath stimulation with TRH were compound (*P* = 0.18), as were 76.7 ± 8.7% of those evoked with VIP (*P* = 0.21, [Table](#T1){ref-type="table"}). Finally, neither TRH- nor VIP-evoked spots were significantly dimmer or brighter than KCl-evoked spots ([Fig. 3](#F3){ref-type="fig"} c and [Table](#T1){ref-type="table"}). The average brightness of spots evoked by TRH was 2.8 ± 0.2 times greater than the membrane brightness (*P* = 0.05, [Table](#T1){ref-type="table"}), and the average brightness of spots evoked with VIP was 3.2 ± 0.2 times that of the membrane brightness (*P* = 0.12, [Table](#T1){ref-type="table"}). These results demonstrate that both VIP and TRH evoke compound exocytosis from lactotrophs, and that this exocytosis is not significantly different from that evoked by KCl in the number of events per cell, the number of granules exocytosed at each site, or the percentage of exocytic events containing multiple granules.

Compound Exocytosis Can Occur before all Plasma Membrane Fusion Sites Are Occupied
----------------------------------------------------------------------------------

Different stimulation strengths affected the number of exocytic fusion sites and the number and size of compound events. Since all stimulations tested thus far (100 mM KCl, TRH, and VIP) caused exocytosis from ∼10 plasma membrane fusion sites per cellular equator, we asked whether compound exocytosis occurred when fewer fusion sites were activated or whether it only occurred after all 10 fusion sites were activated. To test this hypothesis, we used weaker depolarizing stimulations to activate less exocytosis. When 50 mM KCl was used to stimulate the cells instead of 100 mM KCl, the number of fusion sites and the size of compound events was not significantly altered (data not shown), suggesting that both 50 and 100 mM KCl gave maximal responses. However, an even weaker stimulation with 25 mM KCl significantly reduced the number of plasma membrane fusion events to 4.7 ± 0.8 spots per equator (*P* \< 0.005, [Table](#T1){ref-type="table"}). This weaker stimulation also reduced the average fluorescence of the compound events to 3.4 ± 0.4 times membrane fluorescence (*P* \< 0.05; [Fig. 4](#F4){ref-type="fig"} a and [Table](#T1){ref-type="table"}). However with this stimulation, the percentage of events that was compound was not significantly different from the stronger stimulation; 42.8 ± 11.1% of events were compound (*P* = 0.07, [Table](#T1){ref-type="table"}). Weaker stimulation activated exocytosis from fewer plasma membrane fusion sites and the events were not as bright, indicating that fewer granules were fused with the plasma membrane at each site. However, the percentage of events that was compound was not significantly different, with 25 mM versus 100 mM KCl stimulation. These results indicate that compound exocytosis can occur when fewer than the maximum number of plasma membrane fusion sites are activated.

Cells stimulated with 25 mM KCl exocytosed about 1/4 as many granules as cells stimulated with 100 mM KCl, with fewer membrane fusion sites and less compound exocytosis. To explore quantitatively the relationship between granule-to-plasma membrane and granule-to-granule fusion, we fitted these data with a simple model ([Fig. 4](#F4){ref-type="fig"} b). The simplest model, based on an assumption of equal probability for all fusion events (solid lines) predicted the disappearance of empty membrane fusion sites (circles) well, but poorly estimated the fraction of sites with compound events (squares) and the fraction with single fusion events (triangles). This result suggests that some membrane fusion sites are less likely to proceed to compound events than others. The data could be fitted better (dotted lines) by a model in which the probability of granule-to-granule fusion was progressively reduced (see Materials and Methods).

Granules Can Fuse to Prefused Granules
--------------------------------------

To determine whether granules could fuse to granules already fused with the plasma membrane, we performed sequential stimulations at increasing KCl concentrations. 25 mM KCl was washed into the preparation and images were acquired. Next, 100 mM KCl was washed into the preparation and images were acquired from the same cells ([Fig. 5](#F5){ref-type="fig"} a). During the second stimulation, the average fluorescence of spots that had appeared during the first stimulation increased from 1.94 ± 0.25 to 8.38 ± 1.2 times brighter than the membrane ([Fig. 5](#F5){ref-type="fig"} b). The percentage of those spots that was compound increased from 42.8 ± 11.1% to 98.9 ± 1.0%. This result indicates that spots that appeared in response to the first stimulation grew in size during the second stimulation. Occasionally, this type of sequential increase in brightness was observed during a single stimulation ([Fig. 2b](#F2){ref-type="fig"} and [Fig. c](#F2){ref-type="fig"}). Taken together, these results suggest that compound exocytosis clearly can occur via fusion of one granule to a granule that is already fused with the plasma membrane. While we have no evidence for granule-to-granule fusion before fusion with the plasma membrane, we cannot, at present, rule out that this process also occurs.

The Number of Plasma Membrane Fusion Sites and the Size of Compound Events Are Differentially Regulated
-------------------------------------------------------------------------------------------------------

Manipulating various intracellular signaling pathways including PKC and cAMP affect the size and number of compound exocytic events. Both PMA, which activates PKC, and forskolin, which can elevate cAMP, increased the number of granules associated with each exocytic event, whereas only PMA altered the number of plasma membrane fusion sites. Forskolin did not affect either the number of plasma membrane fusion sites or the percentage of events that was compound during high K^+^ stimulation. Cells were incubated in forskolin and IBMX for 10 min before stimulation with 100 mM KCl, forskolin, and IBMX. This stimulation activated 12.5 ± 1.7 plasma membrane fusion sites per cellular equator (*P* = 0.13, [Table](#T1){ref-type="table"}) and ∼87.4 ± 5.7% of events were compound (*P* = 0.46, [Table](#T1){ref-type="table"}). However, the amplitude of compound events was increased by forskolin to nearly double that recorded in KCl alone ([Table](#T1){ref-type="table"}, 10.1 ± 1.0 times membrane fluorescence, *P* \< 0.05; [Fig. 6](#F6){ref-type="fig"}). Incubating cells with forskolin alone caused a small number of exocytic events.

In contrast to the effect of forskolin on KCl-induced exocytosis, stimulation with KCl and PMA increased the number of plasma membrane fusion sites, the percentage of events that was compound, and the size of individual compound events. Cells were incubated in PMA for 10 min before stimulation with 100 mM KCl and PMA. There were many more compound events under these conditions than during 100 mM KCl stimulation alone; 99.2 ± 0.7% of events recorded in PMA were compound (*P* \< 0.01, [Table](#T1){ref-type="table"}). The size of the compound events was enhanced by PMA as well. When stimulated in the presence of PMA, compound events\' fluorescence was 10.1 ± 0.7 times greater than the baseline fluorescence (*P* \< 0.002, [Table](#T1){ref-type="table"}). PMA was the only compound tested that had an effect on the number of plasma membrane fusion sites. The number of fusion sites activated by PMA and KCl was almost double that activated by KCl alone ([Table](#T1){ref-type="table"}, 18.1 ± 1.8 spots/equator, *P* \< 0.01).

The calcium ionophore ionomycin did not mimic the potentiating effects of PMA or forskolin, indicating that these compounds did not simply allow a more sustained increase in intracellular calcium. When compared with stimulation with 100 mM KCl, stimulation of lactotrophs with ionomycin did not induce exocytosis through a significantly different number of plasma membrane fusion sites ([Table](#T1){ref-type="table"}, 12.1 ± 1.78 spots/equator, *P* = 0.6). Approximately 87.4 ± 3.9% of the events evoked by ionomycin was compound (*P* = 0.05, [Table](#T1){ref-type="table"}). The average size of the compound events was not different from the average size of events evoked by KCl stimulation. The fluorescence was 7.47 ± 0.6 times greater than the membrane (*P* = 0.08, [Table](#T1){ref-type="table"}). From these data, we can conclude that compound exocytosis evoked by stimulation with ionomycin was not significantly different than that evoked by stimulation with KCl.

Discussion
==========

Compound Exocytosis in Neuroendocrine Cells
-------------------------------------------

Cellular secretions are typically thought to occur via exocytic fusion of individual secretory vesicles or granules with the plasma membrane. Compound exocytosis represents a less well characterized mode of secretion, where a single granule fuses with the plasma membrane and has additional granules fused to it. Compound exocytosis results in a chain or cluster of granules with a single plasma membrane fusion pore connecting the lumen of several granules to the extracellular space. Compound exocytosis is a relatively common mode of exocytosis in various lymphoid cells as revealed by ultrastructural studies of eosinophils and mast cells ([McLaren et al. 1977](#McLarenetal1977){ref-type="bib"}; [Lawson et al. 1978](#Lawsonetal1978){ref-type="bib"}; [Henderson et al. 1983](#Hendersonetal1983){ref-type="bib"}), electrophysiological studies of eosinophils ([Scepek and Lindau 1993](#ScepekandLindau1993){ref-type="bib"}), and biochemical studies of mast cells ([Guo et al. 1998](#Guoetal1998){ref-type="bib"}). Compound exocytosis in these circulating lymphoid cells allows massive cytotoxic secretions to be precisely directed toward a target cell ([Lawson et al. 1978](#Lawsonetal1978){ref-type="bib"}).

Exocytic structures have been observed in many secretory cells ([Palade 1975](#Palade1975){ref-type="bib"}) including pituitary lactotrophs ([Farquhar 1977](#Farquhar1977){ref-type="bib"}). Compound exocytosis also has been observed in electron micrographs of several peptide-secreting cells, including pancreatic β-cells ([Orci and Malaisse 1980](#OrciandMalaisse1980){ref-type="bib"}), acinar cells ([Senda et al. 1989](#Sendaetal1989){ref-type="bib"}), pituitary somatotrophs ([Nakagawa et al. 1995](#Nakagawaetal1995){ref-type="bib"}), lactotrophs, and possibly other anterior pituitary cells ([Fujita et al. 1983](#Fujitaetal1983){ref-type="bib"}). A recent study using patch-clamp capacitance recordings from melanotrophs indicates that the size of individual exocytic events is increased by cAMP ([Sikdar et al. 1998](#Sikdaretal1998){ref-type="bib"}). However, this result could reflect either a cAMP-dependent increase in the occurrence of compound exocytosis or preferential exocytosis of larger granules in the presence of cAMP (as the authors suggest). While evidence for the existence of compound exocytosis in neuroendocrine cells is clear, a role for this mode of secretion in these cells has not been established.

In the present study, we found that a variety of stimulations including the physiological secretogogues TRH and VIP cause abundant compound exocytosis in lactotrophs. In addition, we found that the relative amount of compound exocytosis can be modulated by experimental manipulation of cellular signaling pathways known to alter the amount of PRL secretion from lactotrophs. These data provide evidence for a likely physiological role for compound exocytosis in a neuroendocrine cell.

Distinct Cellular Mechanisms for Potentiation of Exocytosis in Lactotrophs
--------------------------------------------------------------------------

Biochemical secretion studies using various physiological or pharmacological manipulations reveal that a number of intracellular signaling pathways, including PKC and cAMP, increase PRL secretion from lactotrophs ([Lamberts and Macleod 1990](#LambertsandMacleod1990){ref-type="bib"}). We used the previously developed optical assay of exocytosis developed previously ([Angleson et al. 1999](#Anglesonetal1999){ref-type="bib"}) to test whether forskolin or PMA can alter either the relative amount of compound exocytosis or the number of plasma membrane fusion sites in lactotrophs. The effects of forskolin are likely due to activation of adenylyl cyclase and elevation of cAMP, whereas the effect of PMA could be due to the activation of PKC or enhancement of the phorbol ester binding protein Munc 13-1, which is known to enhance neurotransmitter release ([Betz et al. 1998](#Betzetal1998){ref-type="bib"}). We found that the number of granules undergoing exocytosis at each fusion site during elevated \[K^+^\]~0~ stimulation (i.e., compound exocytosis) was increased significantly in both forskolin- and PMA-treated cells when compared with untreated control cells ([Fig. 7](#F7){ref-type="fig"}). Similarly, we recently observed that the apparent frequency of compound exocytosis is reduced by treatment with dopamine analogues that are known to reduce cAMP ([Angleson et al. 1999](#Anglesonetal1999){ref-type="bib"}). These findings have two important implications: first, the molecular interactions responsible for the granule-to-granule fusion that occurs during compound exocytosis can be regulated; and second, regulation of compound exocytosis may serve to modulate the amount of cellular secretions from these cells.

While both PMA and forskolin increase homotypic fusion and allow more granules to undergo exocytosis at each plasma membrane fusion site, PMA has a second potentiating effect on exocytosis. Stimulation by elevated \[K^+^\]~0~ caused an increase in the number of FM1-43--stained exocytic structures in PMA, but not forskolin-treated cells, when compared with untreated control cells ([Fig. 7](#F7){ref-type="fig"}). Thus, PMA treatment has two potentiating effects on exocytosis: PMA apparently activates otherwise inactive plasma membrane fusion sites, allowing more heterotypic fusion of granules to the plasma membrane; and, PMA also allows an increase in the amount of homotypic granule-to-granule fusion that occurs during compound exocytosis. Forskolin only leads to an increase in homotypic granule-to-granule fusion. Based on these findings, it appears that these distinct heterotypic and homotypic fusion reactions can be subject to different regulations. The fact that prolonged stimulation by ionomycin did not cause either an increase in compound exocytosis or the number of FM1-43--stained structures when compared with elevated \[K^+^\]~0~-stimulated control cells suggests that neither forskolin nor PMA exert their potentiating effects simply by allowing for more sustained elevations of \[Ca^2+^\]~i~.

Based on the studies presented here, it appears that rat lactotrophs possess at least two distinct cellular mechanisms for potentiation of exocytosis: an increase in plasma membrane fusion sites and an increase in the occurrence of compound exocytosis. Compound exocytosis has been observed in other neuroendocrine cells (see above), and several reagents, including PMA and forskolin, potentiate secretion in these cells. For example, compound exocytosis has been observed in pancreatic β-cells ([Orci and Malaisse 1980](#OrciandMalaisse1980){ref-type="bib"}), and cAMP potentiates exocytosis in these cells ([Ammala et al. 1993](#Ammalaetal1993){ref-type="bib"}). Potentiation of secretion is often attributed to an increase in the size of the readily releasable pool of granules ([Neher 1998](#Neher1998){ref-type="bib"}) that could arise from an increase in granule mobility, an increase in plasma membrane fusion sites, an increase in the occurrence of compound exocytosis, or any combination of these processes. Since secretion studies measuring either released secretory products or changes in plasma membrane capacitance cannot readily distinguish between these mechanisms, the relative contribution of each mechanism in various cells types remains unresolved. The present study indicates that compound exocytosis is an abundant mechanism for secretion from lactotrophs, and that the homotypic granule-to-granule fusion employed in compound exocytosis can be increased by reagents known to potentiate secretion from these cells. Granule-to-granule fusion appears to be regulated by different mechanisms than heterotypic granule-to-plasma membrane fusion. This result is similar to observations in lymphoid cells ([Scepek and Lindau 1993](#ScepekandLindau1993){ref-type="bib"}; [Guo et al. 1998](#Guoetal1998){ref-type="bib"}). The findings in the present study reveal previously unrecognized mechanisms for modulating cellular secretion from neuroendocrine cells as well as raise intriguing questions regarding the molecules involved in the different types of fusion and their apparent distinct regulation.
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###### 

Summary of Experimental Results

  Stimulation                    No. ofspotsper equator   Percentageof compound events   Compoundeventamplitude
  ------------------------------ ------------------------ ------------------------------ ------------------------
  **100 mM K** ^+^(12/145)       **10.7** ± **1.8**       **66.9** ± **1.07**            **5.5** ± **0.7**
  VIP (25/180)                   6.2 ± 1.2                76.7 ± 8.7                     3.2 ± 0.2
  TRH (6/77)                     13.0 ± 4.0               52.1 ± 16.7                    2.8 ± 0.2
  25 mM K^+^ (21/92)             4.7 ± 0.8                42.8 ± 16.7                    3.4 ± 0.4
  Ionomycin (36/355)             12.1 ± 1.8               87.4 ± 3.9                     7.5 ± 0.6
  FSK and 100 mM K^+^ (19/237)   12.5 ± 1.7               87.4 ± 5.7                     10.1 ± 1.0
  PMA and 100 mM K^+^ (17/287)   18.1 ± 1.8               99.2 ± 0.7                     10.1 ± 0.7

![Electron micrographs reveal multigranular exocytic structures. (a) Electron micrographs were generated from lactotrophs stimulated with 100 mM KCl for 2 min, washed in iced phosphate buffer, fixed, and processed for electron microscopy. There are numerous omega figures in various stages of dilation visible in the micrographs. Examples of compound exocytosis are plentiful. The panels in this figure demonstrate increasing complexity of exocytic events. (b) To determine whether granules in the electron micrographs were continuous with the extracellular space, ruthenium red was applied during fixation. This dye is fixed to the extracellular surface of the cell, and is electron dense so that any portion of the cellular membrane exposed to the extracellular surface during fixation contains an electron-dense coating visible in electron micrographs. Both of these micrographs show two cells directly opposed. The membranes delimiting the two cells are stained with ruthenium red (left, membranes are on the left side; right, membranes are at the top). Many granules that are located away from the surface membrane were stained with ruthenium red (arrowheads), indicating that they were contiguous with the extracellular surface at fixation. Presumably, the connection to the surface was via chains of connected granules that had fused together and were fused to the plasma membrane.](JCB0005037.f1){#F1}

###### 

Multigranular or compound exocytosis is visible using light microscopy. (a) Isolated lactotrophs were bathed in solution containing 4 μM FM1-43 and stimulated with a solution containing 4 μM FM1-43 and 100 mM KCl. Before stimulation, only the surface membrane was stained with dye (left). After stimulation, bright fluorescent spots appeared on the surface membrane of the cells (right). The spots appeared abruptly and persisted throughout the duration of the experiment (5--10 min). These spots are caused by FM1-43 staining the dense cores of lactotroph secretory granules. Each spot represents a single plasma membrane fusion site where one or multiple granules are fused to the plasma membrane ([Angleson et al. 1999](#Anglesonetal1999){ref-type="bib"}). (b) This time series shows an enlarged portion of the surface membrane of the lactotroph shown in a. Initially, only the surface membrane was stained with dye (left). During stimulation with high K^+^, spots appeared on the surface (middle). One spot abruptly grew in both size and brightness during stimulation (right), indicating that one granule was fused to the plasma membrane, and another granule fused with that granule. (c) These traces show the normalized brightness over time of six individual spots from a single cell stimulated with 50 mM KCl. In this example, four spots appeared with similar brightness amplitudes, whereas two other spots were each several times brighter than the other four. One spot increased in brightness in a step-wise manner: first to one level, and then to a higher level (closed circles). (d) Histogram of final brightness levels of 75 spots from 10 cells after stimulation with high K^+^. The smooth line is drawn according to Poisson statistics (reproduced from Figure 2 b in [Angleson et al. 1999](#Anglesonetal1999){ref-type="bib"}).
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###### 

Physiological stimulation induced compound exocytosis in lactotrophs. (a) Lactotrophs were bathed in a solution containing 4 μM FM1-43. Only the cell\'s surface membrane was initially stained with dye. Images of an individual lactotroph were obtained before (left) and after (right) wash-in of 200 nM TRH. Bright fluorescent spots were induced by stimulation. (b) Fluorescent spots appeared on two overlapping cells that were stimulated with 500 nM VIP in the presence of 4 μM FM1-43. The figure shows the cell before (left) and after (right) stimulation. (c) Histogram of normalized spot brightness measured during stimulation with VIP. The spots were not different than those induced by high K^+^ stimulation in the number of spots/equator, the brightness of the spots, or the percentage of events that was compound ([Table](#T1){ref-type="table"}). The smooth line represents the scaled unitary fluorescence values from [Fig. 2](#F2){ref-type="fig"} d.
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![A simple model describes the relative numbers of single and compound fusion events. (a) Histogram of spot brightness after stimulation with 25 mM KCl. The smooth line represents the scaled unitary fluorescence values from [Fig. 2](#F2){ref-type="fig"} d. Approximately 43% of events are brighter than the curve representing single granule events, demonstrating that 25 mM KCl induced compound exocytosis. (b) The observed frequency of single (triangles) and compound (squares) fusion events and empty plasma membrane fusion sites (circles) for stimulation in 25 mM (open symbols) and 100 mM (closed symbols) KCl. The model assumes a total of 11 membrane fusion sites (equatorial optical section). Solid lines show predicted distributions assuming equal probabilities for all fusion events. To fit the observed data, it was necessary to progressively reduce the probability that a single site would progress to a compound site (dotted lines; see Materials and Methods).](JCB0005037.f4){#F4}

###### 

Sequential stimulation indicates that spots can increase in brightness as granules fuse with prefused granules. (a) Sequential stimulations with low (25 mM) then high (100 mM) K^+^ were used to track the fate of spots. Cells were bathed in solution containing 4 μM FM1-43 and stimulated with 25 mM KCl followed by 100 mM KCl (∼5 min between stimulations). Low K^+^ caused fluorescent spots to appear on the surface of the cells (left). During the subsequent high K^+^ stimulation more spots appeared and some preexisting spots increased in brightness (right). (b) This graph shows the brightness of 92 individual spots (open circles) during an initial 25-mM KCl stimulation and a subsequent 100-mM KCl stimulation. Data from individual spots were first normalized to membrane brightness, and all data were normalized to the initial brightness in 25 mM KCl to clearly show the increase in brightness that occurred during the subsequent stimulation with 100 mM KCl. Average ± SD is shown as a filled diamond.
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![Examples of complex exocytic structures, evoked by stimulation, in the presence of forskolin. (a) Single image of a lactotroph after stimulation with high K^+^ in the presence of forskolin and IBMX. The boxed region is shown enlarged in b. (b) These images were acquired over a 1-min period, and show the development of a compound structure over time as three granules fuse in sequence to a prefused granule. (c) Full z-reconstruction of a lactotroph after stimulation with high K^+^ in the presence of forskolin and IBMX. The boxed region is shown enlarged in d. (d) These images are taken from the same x-y region of the cell at different z depths within the cell and show that exocytic structures sometimes penetrate deep within the cell.](JCB0005037.f6){#F6}

![This scheme summarizes the results obtained during stimulation with 25 mM KCl (a), 100 mM KCl (b), 100 mM KCl in the presence of forskolin and IBMX (c), and 100 mM KCl stimulation in the presence of PMA (d). Cells (large circles) and secretory granules (small circles) are drawn to scale. Each cartoon summarizes exocytosis of PRL from the appropriate number of plasma membrane fusion sites (indicated by puffs of secretory product being released from the cells) and the appropriate number of granules per site (indicated as clusters of granules connected by a single membrane that is continuous with the plasma membrane). (a) Weak stimulation with 25 mM KCl causes exocytosis from significantly fewer plasma membrane fusion sites, and each exocytic event contains significantly fewer granules than 100 mM KCl (b). (c) Stimulation in the presence of forskolin increases the number of granules undergoing exocytosis at each plasma membrane fusion site without significantly changing the number of active fusion sites when compared with 100 mM KCl stimulation (b). (d) Stimulation in the presence of PMA increases both the number of granules undergoing exocytosis at each plasma membrane fusion site and the number of active fusion sites when compared with 100 mM KCl stimulation (b).](JCB0005037.f7){#F7}
